Evolution is a central, unifying theory for all of life science, yet the subject is 21 poorly represented in most secondary-school biology courses, especially in the United 22
Introduction 40
Understanding evolutionary processes is fundamental to all areas of life science 41 because evolution serves as a conceptual framework to organize other life science 42 topics, such as organismal diversity and ecological interactions. Furthermore, some of 43 the most significant threats to human health are evolutionary phenomena; therefore, 44 knowledge of evolutionary processes has a direct impact on public health and medicine 45 (Wells et al. 2017) . For example, antimicrobial resistance and cancer are caused by the 46 rapid evolution of microbes and our own cells, respectively (Karatan and Watnick 2009 ; 47 evolution of P. fluorescens SBW25 in the biofilm lifecycle model selected for a high 137 frequency of adaptive mutants with novel colony morphologies in less than two weeks. 138 139 140
To accelerate this process and ensure that our experiment could be performed 141 within the timeframe of a high school biology lesson, we conducted a series of trials in 142 different media to determine conditions that resulted in predictable, rapid adaptations. 143
We found that growth in King's B medium (KB) generated multiple, heritable colony 144 phenotypes within seven days. In the interest of accelerating the evolutionary dynamics, 145 we repeated the experiment in KB medium with various glycerol concentrations. We 146 found that an increase from 1.5% to 2.5% glycerol selected for novel colony 147 morphologies at detectable frequencies in four days. We named this modified media Students can use our modified protocol to guide an inquiry-based experiment 154 that allows them to visualize evolution in their bacterial populations in only six class 155 periods (Fig 2) . For example, on Monday, students inoculate glass test tubes containing 156 QB media and a polystyrene bead with a clone of P. fluorescens SBW25, and then 157 perform bead transfers for the following three days (Tuesday-Thursday). During the 158 process of bead transfer, students can identify effects of natural selection by observing 159 increased biofilm production on the walls of their test tubes. In addition, at the beginning 160 and end of the week, students sample their populations by growing individual bacterial 161 Fig. 2 . Adaptation to biofilm selection can occur within days and produce conspicuous phenotypic differences. Populations were founded with equal ratios of Lac+ (blue) and Lac-(white) ancestral genotypes that do not differ in morphology. After 5-7 days, new colony morphologies evolve and represent different biofilm-associated ecological strategies, as different beak shapes of Darwin's finches represent distinct feeding strategies (Rainey and Travisano 1998, Poltak and Cooper 2011). colonies on agar plates. Students can make observations of mutant colonies on the 162 Monday of the following week and compare these colonies to those of the ancestral 163 population that were plated earlier in the week. Students can be given additional 164 curriculum materials, such as homework and pretests, to prepare them for each step in 165 the laboratory protocol and provide opportunities for them to link the heritable, adaptive 166 evolutionary change they observe in their experiment to the evolutionary processes that 167 produced this dynamic. Through EvolvingSTEM, students can acquire the knowledge to 168 meet Next Generation Science Standards for Natural Selection and Evolution (Box 1; 169 (NGSS Lead States 2013)). Curriculum materials are available as supplemental files 170 (Supplemental Files 2-4). 171 172
Learning outcomes 173
The exact outcome of any individual experiment is unknown because the biofilm 174 selection acts on randomly occurring mutations in the bacterial populations that were 175 founded from a single clone. In fact, this variability among these independent "replays" 176 of evolution is realistic and demonstrates effects of chance and contingency on 177 evolution (Blount et al. 2018 ). Nonetheless, student groups propagate multiple 178 populations in different culture tubes under identical experimental conditions, and this 179 replication means they are very likely to see mutants with novel morphologies in at least 180 one experimental population. In addition, students compare their experimental 181 populations to a control population that does not contain the bead and therefore is not 182 under selection for increased biofilm production. Students can examine the phenotypes 183 found in each population over time, compare their findings to those of other classmates, 184 and develop their own explanations for their observations. This allows students to apply 185 the comparative method of evolutionary biology and begin the process of scientific 186 inquiry. Students are encouraged to consider why their replicate populations vary and 187 propose reasons for that variation, ranging from experimental error, to peculiarities of 188 the bead transfers, to genuine evolutionary randomness. 189 Box 1. Next Generation Science Standards (NGSS) Targeted by EvolvingSTEM. 191 NGSS (2013) are based on A Framework for K-12 Science Education: Practices, 192 Crosscutting Concepts, and Core Ideas (National Research Council 2012) and  193  designed through a collaboration between 26 states, the National Research Council, the  194  National Science Teachers Association, the American Association for the Advancement  195 of Science, and Achieve, Inc. 196 197 EvolvingSTEM provides students with the knowledge to meet the following NGSS HS-198 LS4 standards. These are performance expectations. 199 1. Communicate scientific information that common ancestry and biological evolution are supported by 
214
In addition, for HS-LS4-2, students will learn: 215
• Random mutation results in genetic variation between members of a population.
216
• Genetic variation can result in trait variation that leads to performance differences among individuals.
217
• Competition for limited resources results in differential survival. Individuals with more favorable 218 phenotypes are more likely to survive and reproduce, thus passing traits to subsequent generations.
219
• Evolutionary fitness is measured by reproductive success.
220
• An adaptation is a heritable genetic variant manifested as a trait that provides an advantage to an 221 individual in a particular environment.
222
• In addition to natural selection, chance and random events can influence the evolutionary process, 223 especially for small populations.
225
In addition, students will be skilled at: 226
• Developing experimental investigations that can be used to test specific hypotheses.
227
• Evaluating evidence to qualitatively and quantitatively investigate the role of natural selection in 228 evolution.
229
• Constructing evidence-based explanations that the process of evolution is a consequence of the 230 interaction of four factors: (1) the potential for population size to increase, (2) genetic variation, (3) 231 competition for resources, and (4) proliferation of individuals better able to survive and reproduce in a 232 particular environment.
233
• Applying basic mathematics to calculate the fitness advantages of selected mutants and/or to 234 compare differences in levels of biofilm production. 
239
The speed of adaptation in biofilm models results from strong selection for more 240 adherent mutants that bind not only the provided surface (e.g. polystyrene), but also 241 other attached bacteria or secreted substances. Consequently, selection often favors 242 the evolution of diverse, conspicuous phenotypes within each tube and not just a single, 243 more adherent type. This result not only simulates the process of adaptive radiation 244 often illustrated using Darwin's finches in textbooks ( Figure 2 ), but also reproduces the 245 selection for traits associated with adherence that often occurs during biofilm-associated 
Assessment of student learning 258
We used a delayed intervention approach to assess learning in 4 classes of 9 th 259 grade biology honors students at Winnacunnet High School, a suburban public high 260 school in New England. Group 1 included classroom A, taught by MH, and classroom B, 261 taught by SS. This group used an earlier version of our EvolvingSTEM curriculum that 262 did not use a control population alongside their standard curriculum materials, which 263 included textbook readings, lectures, and an educational video. Group 2 included 264 classrooms C and D, both taught by SS. This group first received the standard 265 curriculum with additional lecture materials, followed by EvolvingSTEM (Table 1) . 266
Students conducted the experiments and analyses for our curriculum in groups of three 267 or four individuals, requiring collaborative teamwork. 268 269 A summative assessment was used to determine whether students achieved an 270 increased understanding of evolutionary concepts. The test consisted of multiple choice 271 and free response questions to address student learning of higher-order critical thinking 272 aligned to NGSS. Specifically, test questions were devised to assess whether students 273 met NGSS (2013) performance expectations HS-LS4-1,2,3, and 5. We Pretests were given to both groups prior to the start of classroom evolution 285 activities. Group 1 students were given a posttest after completing the EvolvingSTEM 286 curriculum. Group 2 students were given a midtest after completing the standard 287 curriculum, and then a posttest after completing EvolvingSTEM. We found no significant 288 difference between the average pretest score of Group 1 and Group 2 students (13.17 289 (26%) vs. 12.5 (25%) out of 50 points total; t=0.60, p=n.s.), indicating that all students 290 began with a similar knowledge base ( Fig. 3 ). Quantitative analyses of student 291 knowledge gains revealed that students who completed EvolvingSTEM (Group 1) 292 showed significant improvement on their average posttest scores, with an average gain 293 of 19.16 points, thereby increasing their overall score by 38% between the pre-and 294 posttest (t=16.61, p<0.0001). Students provided the standard curriculum (Group 2) also 295 showed significant improvement on their average midtest score, which increased by 296 10.14 points (t= 9.72, p<0.0001), resulting in an overall increase of 21% between pre-297 and midtest. Although both student groups showed improvement, Group 1 achieved 298 significantly higher average test scores after completing EvolvingSTEM than Group 2 299 did after completing the standard curriculum (t=5.87, p<0.0001). Students who learned 300 evolution with EvolvingSTEM therefore achieved significantly greater gains in 301 comprehension of evolution than students who learned it from the standard curriculum. 302 303 304 Once students in Group 2 were exposed to EvolvingSTEM, their average 305 posttest scores had an overall increase of 20% in comparison to their midtest scores, 306 reaching knowledge gains made by Group 1 students ( Fig. 3 
). Knowledge gains by both 307
Groups were overwhelmingly attributable to increased scores on the free-response 308 section of the assessment. Average free-response scores from pretests to posttests 309 increased by 18.09 points (48%) for Group 1 students and 20.59 points (54%) for Group 310 Test Overall Test Score (out of 50) Fig. 3 . Boxplot of student assessment scores. The EvolvingSTEM curriculum produces significantly greater gains in comprehension of NGSS topic HS-LS-4 than the standard curriculum (Group 1 Post vs Group 2 Mid, t=5.87, p<0.0001). After experiencing our curriculum, Group 2 students subsequently achieved equivalent scores to Group 1 students (Group 1 Post vs Group 2 Post, t=0.14, ns). Mean values are indicated with diamonds. 2 students. In comparison, average multiple-choice scores increased by 1.07 points for 311
Group 1 students and decreased by 0.54 points for Group 2 students. These results 312 may indicate that EvolvingSTEM has a greater impact on improving students' higher-313 order cognitive skills, such as applying knowledge to an unknown problem and 314 performing data analysis. There was no significant difference between Group 1 and 2 315 posttest scores (t=0.14, p=n.s.), even though Group 2 students were provided more 316 detailed verbal instruction and took one additional assessment. This result speaks to the 317 power of EvolvingSTEM to increase student knowledge and suggests that our 318 curriculum can serve to replace, rather than supplement, the standard evolution 319 curriculum. 320 321 Discussion 322
We developed an inquiry-based microbiology curriculum to improve the 323 engagement of high school biology students with topics central to evolutionary biology 324 and their subsequent understanding of related NGSS concepts. We observed high 325 levels of engagement when students participated in our curriculum. Students were 326 assigned concept and readiness tests each night to ensure that they arrived prepared 327 for the next day's microbiology experiments and evolution curriculum. Their high rates of 328 completion indicated increased enthusiasm. While we acknowledge this is a simple 329 observation, teachers and coauthors (MH and SS) also indicated that students who 330 rarely participated in class-based discussions emerged as enthusiastic group leaders 331 while performing the EvolvingSTEM experiment. Informal post-surveys of student 332 attitudes towards the curriculum were overwhelmingly positive. Students indicated that 333 they were enthusiastic about the bacterial model, enjoyed coming to class to work on 334 the experiment, and felt that our curriculum was better at teaching them than the 335 standard lecture-style class. The group format for the experiments and analyses 336 encouraged the students to collaborate and support one another throughout the 337 program. Students tended to hold one another accountable, but also demonstrated 338 cohesion when groups compared their replicate populations, demonstrating both 339 friendly competition and pride and ownership in their results. Further, many students 340 expressed that they felt like "real scientists" using equipment like pipettes, vortexes, and 341 the incubator. They shared a greater sense of what science was actually like and asked 342 more questions about microbiology and evolution research and other scientific careers. 343 344 Crucially, teachers found EvolvingSTEM to be effective at demonstrating 345 evolution in action, thereby increasing student understanding of natural selection, 346 mutation, and the effects of chance, and increasing student interest and engagement 347 with biology. Student assessments also demonstrated the substantial benefit of our 348 curriculum to student learning, and consequently, our curriculum replaced the standard, We found that EvolvingSTEM provided students with significant learning benefits 359 in comparison to standard curricula. After completing our curriculum, students achieved 360 significantly higher scores on a knowledge assessment of evolution than students who 361 had followed the standard curriculum. After completing our curriculum, students who 362 were originally provided only the standard curriculum were able to further increase their 363 assessment scores to meet the gains made by students who were taught evolution only 364 This study was limited to one school and two teachers from a suburban public 386 school in New Hampshire, which naturally raises the question of its efficacy in other 387 settings. However, since the program launch and assessments reported here, 388
EvolvingSTEM has expanded to be offered in 13 high schools in four different US states 389 with continued growth. These schools range from independent private schools, to 390 suburban public schools, to urban public and magnet high schools, and the classes 391 include introductory "academic" and honors biology, upper-level biotechnology, and AP 392 biology. The core experimental protocol described here has been shown to be robust to 393 different class schedules and student populations, provided that the classroom has the 394 laboratory resources detailed in Supplemental File 1, including the capacity to prepare 395 sterile growth media either onsite or through a partner laboratory. Additional 396 assessments of learning and motivation towards STEM subjects are ongoing in these 397 schools, but informal teacher and student feedback has been overwhelmingly positive. 398 399 Summary 400
EvolvingSTEM is an engaging, inquiry-based curriculum that provides students 401 with a hands-on approach to visualize evolutionary change occurring in real time. It also 402 can be delivered at a low cost per student (<$5 in consumables) and is therefore 403 potentially suitable for broad distribution. Our curriculum provides students with the tools 404 to understand evolutionary concepts and to apply their knowledge to other areas of life 405 science and medicine. For example, students can make a direct link between the 406 adaptive phenotypes they see in the classroom for increased biofilm production and the 407 nearly identical phenotypes seen in clinically relevant biofilm-associated bacterial 408
infections. In addition, students are provided an introduction to microbiological 409 techniques that have important applications for biotechnology. A particularly powerful 410 aspect of our curriculum is its positive effect on teacher and student engagement. You are about to embark on a journey through a world that you might be unfamiliar with; 643 one filled with odd instruments that you will use to study oddly shaped slimy bacterial 644 colonies and neon yellow biofilm-coated test tubes. Over the course of the next few 645 weeks you will be taking care of bacterial cultures, and your ordinary looking colonies 646 will evolve to produce distinct mutants that have adapted to inhabit different parts of a 647 test tube. 648
649

ALWAYS REMEMBER
Proper aseptic technique is a very important part of microbiology! All tubes, beads, and media have been sterilized in an autoclave prior to use in these experiments. When tubes were prepared, media was always distributed using sterile pipettes, and sterile beads were added using forceps that have been heated over a flame until "red-hot" to prevent contamination.
USEFUL TERMS
Aseptic Technique -a sterile set of practices and procedures performed to minimize contamination by other bacteria.
Autoclave -a strong, heated container that reaches high temperature and pressure to sterilize equipment and media.
SAFETY FIRST!
You will be working with an open flame during this experiment. Always be aware of your surroundings to ensure that you do not burn yourself or start a fire. Be sure to know the location of the closest emergency shower and fire extinguisher in case an accident does occur.
Always treat the bacteria you will be working with as potential pathogens (even though P. fluorescens is harmless to humans!). Be sure to disinfect your work stations and waste materials with 10% bleach and always follow general safe lab procedures, including tying back long hair, washing your hands at the end of the lab activity, and wearing gloves and lab coats.
The following links provide excellent information on: General Lab Safety: https://www.youtube.com/watch?v=MEIXRLcC6RA&vl=en Safely Working with Microorganisms: https://www.sciencebuddies.org/sciencefair-projects/references/microorganisms-safety DAY 1 (MONDAY): PRECONDITIONING YOUR BACTERIAL CULTURE 650 651
Before the bacteria got to your classroom, they had been stored in a freezer for a long 652
period of time at -80° Celsius (-112° Fahrenheit). Before we can continue with our 653 experiment, we want to ensure that the bacteria are used to being out of the freezer so 654
they are performing at their prime. In order to do so, we give them time to get 655 acclimated to their new environmental conditions -this day is known as our 656 "Preconditioning Day". 657 658 NECESSARY MATERIALS 659 660
• Inoculation loops 661
• Pseudomonas fluorescens SBW25 colonies (on agar plate) 662
• 
Summary of Key Learning Events and Instruction
Learning Activities A brief summary of the key learning activities is provided below.
Prior to starting EvolvingSTEM (optional)
• Meet Pseudomonas fluorescens -read a bio on P. flourescens, brainstorm as a group the similarities and differences between P. flu and humans; introduce that common ancestry and biological evolution are supported by multiple lines of empirical evidence • Complete geologic timeline to introduce deep time • Introduce lab techniques -swab the world, pipetting competitions, Bunsen burner lighting and safety (Videos available -online or DVD) • Journal articles -biofilm, CF connection, P. flourescens background
During EvolvingSTEM Experiment
• Refer to daily calendar for planning/scope and sequence.
• Provide each student with a color-coded Evolution in Action protocol with daily procedures and questions for lab journal. • Post and discuss essential questions and understanding.
• Use lab and content-based videos (online or DVD) with questions to maximize class time in the lab. Videos can be used in a flipped classroom model, in class model, or a blend of both. • Introduce class starter and exit ticket questions/probes to assess student learning, address misconceptions, and review material. • Review probes and lead discussions as necessary to address and correct misconceptions. • Schedule "Ask The Expert" with Dr. Cooper (Skype) to introduce research, CF connection, field student questions. • Use standard assessments (quiz/test) to gauge student learning as they progress through the unit. (formative and summative) • Assign scientific journals and readings on evolution (Common Core Literacy Standard).
Lead small and/or large group discussions, fish bowl, whiteboard report out. • Introduce Performance Task. Discuss rubric and timeline.
• Engage students in peer and self-evaluation.
• Organize student showcase to display and discuss work.
Optional Extensions
1. Students will review scientific literature that describes the mutations associated with given phenotypes. Genomic sequencing of these phenotypes will allow them to make connections between the literature and their findings (Common Core Literacy Standard).
2. Research project/Webquest -Explore similarities and differences of two or more genomes (NCBI, BLAST, NIH) to begin to understand common ancestry 3. Explore STEM-related fields of study and careers in such areas as microbiology, physiology, engineering, medicine, and public health
